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Edited by Roberto SitiaAbstract It was recently discovered that plants respond to envi-
ronmental stress not only with a speciﬁc gene expression pro-
gramme at the mRNA and protein level but also small RNAs
as response modulators play an important role. The small RNAs
lead to cleavage or translational inhibition of mRNAs via com-
plementary target sites. Diﬀerent examples are described where
small RNAs have been shown to be involved in stress responses.
A link between hormonal action and small RNA activities has
frequently been observed thus coupling exogenous factors with
endogenous transmitters. Using the CDT-1 gene from the desic-
cation tolerant plant Craterostigma plantagineum as an exam-
ple, it is discussed that generation of novel small RNAs could
be an evolutionary pathway in plants to adapt to extreme envi-
ronments.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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Nutrient stress1. Introduction: small regulatory RNAs
Expression of protein coding genes is regulated at both tran-
scriptional and post-transcriptional level by various types of
molecules. In addition to cis and trans regulatory DNA
sequences and diﬀerent types of trans-acting proteins recently
short RNA molecules have emerged as important regulatory
molecules in eukaryotic cells. Regulation by short RNA can
result in both transcriptional and post-transcriptional suppres-
sion of gene expression. In plants, short RNAs exhibit an
unexpected complexity; they are classiﬁed based on their bio-
genesis and structure of genomic loci from which they are tran-
scribed. The number of short RNA classes may increase in the
near future as the result of the thorough analysis of large scale
short RNA sequencing projects. At the moment, we distin-
guish microRNAs (miRNAs) and three classes of endogenous
small interfering RNAs (siRNAs), such as trans-acting siRNA
(ta-siRNA), heterochromatic siRNA (hc-siRNA) and natural
antisense siRNA (nat-siRNA) (see Fig. 1).
MicroRNAs (miRNAs) are predominantly 21 nucleotides in
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doi:10.1016/j.febslet.2007.04.007stranded primary transcripts (pri-miRNA) [2]. Sometimes
miRNA genes are located very close to each other, forming
a cluster, and are transcribed together on the same pri-miR-
NA. Each miRNA forms an imperfect stem loop secondary
structure on the pri-miRNA and these structures are recog-
nized and released by the RNase III-like enzyme DICER-
LIKE 1 (DCL1) [3,4]. The resulting shorter stem loop
structures are the direct precursors of miRNA (pre-miRNA).
Further cleavage of the pre-miRNA by DCL1 liberates the
miRNA/miRNA* duplex where the mature miRNA derives
from one strand of the imperfect stem and the miRNA* is from
the other strand (Fig. 1). DCL1 is encoded by one of the four
DCL genes in Arabidopsis and although it was considered as
the only one to be involved in miRNA biogenesis, recently
Rajagopalan et al. [5] found that some miRNAs are generated
by DCL-4. Predominantly the mature miRNA is incorporated
into RISC (RNA induced silencing complex) and the miRNA*
is degraded, although recent studies suggest that miRNA* mol-
ecules may be more stable in plants than they are in animals
[5,6]. RISC is then guided by the incorporated mature miRNA
to mRNAs containing a stretch of perfect or almost perfect
complementary sequence to the miRNA. Most plant miRNAs
mediate cleavage of the target mRNA [7], however some miR-
NA targets are not cleaved but their translation is suppressed
[8–10].
The miRNA sequences are catalogued in the miRBase data-
base, (http://microrna.sanger.ac.uk), which contains over 800
plant miRNAs originating from 9 diﬀerent species (release
9.0), with the majority identiﬁed in Arabidopsis, rice and pop-
lar. This number will certainly increase in the near future due
to the application of high throughput sequencing technologies
to sequence short RNA libraries from plants [5,11]. Initially
miRNAs were thought to be conserved across plant species
and even between ﬂowering plants and non-ﬂowering plants
such as ferns and mosses [12–14]. However, it was noticed that
some Arabidopsis miRNAs are not present in the rice genome
and Allen et al. [15] developed a model for the evolution of
miRNA genes in plants. They distinguished ‘‘old’’ and
‘‘young’’ miRNAs and they proposed that the old miRNAs
evolved before the separation of plant taxonomic groups,
therefore are conserved, while the young miRNAs evolved
after the present species/families emerged and consequently
are not conserved [15]. This model is strongly supported by
the identiﬁcation of miRNAs from Arabidopsis that are not
present in rice [16], and by the cloning of miRNAs from poplar
that were not found in the Arabidopsis genome [17]. Recently,
many miRNAs were identiﬁed in Arabidopsis that were accu-
mulated at a low level, at least under normal growth conditionblished by Elsevier B.V. All rights reserved.
Fig. 1. Diverse short RNA pathways in plants. The biogenesis and targeting mechanism of the four classes of short RNAs are summarized on the
ﬁgure. The subcellular localization of the nat-siRNA pathway is not known.
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are yet to be identiﬁed and analysis of short RNAs in diﬀerent
growth conditions and in diﬀerent species is expected to lead to
the discovery of many more new miRNAs. A comparison of
plants, which e.g. show diﬀerent levels of tolerance to environ-
mental challenges like salt or dehydration, will reveal the role
of miRNAs in environmental adaptation.
The main diﬀerence between miRNAs and siRNAs is the
number of short RNA molecules generated from one locus.
Only one miRNA duplex is produced from each miRNA loci
but many siRNA duplexes are generated from each siRNA
loci. Another common feature of siRNAs that distinguish
them from miRNAs is that they are produced from long dou-
ble-stranded RNA (dsRNA) molecules generated by RNA
dependent RNA polymerases (RDRs) (Fig. 1). Most siRNAs
target the same locus they derive from, except the ta-siRNAs
that target mRNAs from diﬀerent loci, similarly to miRNAs.
trans-Acting siRNA (TAS) genes produce non-coding tran-
scripts that are targeted by miRNAs (Fig. 1). Recently, Axtell
et al. [18] demonstrated that in fact there are two target sites in
TAS transcripts although sometimes only one of them is
cleaved. The cleaved transcripts are made double stranded
by RDR6 [19,20] and the dsRNA is processed into 21 nt
ta-siRNAs by DCL4 in phase from one dominant register
[21–23]. The phase is set by the miRNA cleavage of the single
stranded precursor ensuring the production of ta-siRNAs with
the correct sequences [22–24]. Mature ta-siRNAs are incorpo-rated into AGO1 or AGO7 RISCs that target mRNAs [25].
The second class of siRNAs are produced from overlapping
antisense protein coding transcripts (Fig. 1) [26]. Generation
of primary 24 nt nat-siRNA requires a unique set of silencing
proteins (DCL2/RDR6/SGS3/NRPD1a) and targets one of the
mRNA it is derived from. Cleavage of the mRNA triggers a
second wave of dsRNA production that is processed by
DCL1 and the secondary siRNAs, that are predominantly 21
nt, also targets the same mRNA [26]. The third type of siRNAs
are predominantly 24 nt and are generated by DCL3 from
RDR2 synthesized dsRNA molecules (Fig. 1) [27–29]. The pri-
mary transcripts of hc-siRNAs are transcribed by one or both
of the plant speciﬁc RNA polymerases, PolIVa and PolIVb
[30–33]. Some of the hc-siRNAs are associated with AGO4
and mediate DNA and/or chromatin methylation causing
heterochromatin formation that leads to transcriptional silenc-
ing of retroelements, 5S rDNA arrays and other repetitive
sequences [30–34]. Other hc-siRNAs are dependent on PolI-
Va/RDR2/DCL3 but independent of PolIVb and AGO4 and
do not cause methylation and heterochromatin [33,35].2. Role of miRNAs in stress responses
Recent evidence indicates that miRNAs are involved in bio-
tic and abiotic stress responses in plants. The ﬁrst such role of
miRNAs in plants was described by Jones-Rhoades and Bartel
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dicted to target genes such as superoxide dismutases, laccases
and ATP sulfurylases (APS). The expression of one particular
miRNA (miR395) was increased upon sulphate starvation,
showing that miRNAs can be induced by environmental fac-
tors and not only by developmental processes. miR395 targets
the ATP sulfurylases, APS1, APS3, and APS4, enzymes that
catalyze the ﬁrst step of inorganic sulfate assimilation [1].
The observation that the expression of miR395 depends on sul-
phate levels and that APS1 expression declines with increasing
miR395 corroborated the concept that this miRNA regulates
sulphate metabolism. In addition to targeting APS genes,
miR395 also targets AST68 encoding a sulphate transporter
[15,36]. This ﬁnding is unusual for miRNA-mediated gene reg-
ulation because miR395 appears to regulate two diﬀerent
groups of genes that function in the same metabolic pathway.
Inspired by the discovery of miR395, Sunkar and Zhu [16]
cloned short RNAs from Arabidopsis seedlings exposed to dif-
ferent abiotic stresses and identiﬁed several miRNAs with dif-
ferential expression proﬁles. For example, miR393 was
strongly up-regulated by cold, dehydration, high salinity and
abscisic acid (ABA) treatments; miR397b and miR402 were
slightly upregulated by general stress treatments while
miR319c was only induced by cold but not the other treat-
ments; however, miR389a was downregulated by all of the
stress treatments. Based on this study, it was concluded that
stress-induced or upregulated miRNAs target negative regula-
tors of stress responses or positive regulators of processes that
are inhibited by stresses (e.g., cell division and expansion).
Alternatively, stress downregulated miRNAs could repress
the expression of positive regulators and/or stress upregulated
genes. Since these two landmark studies, detailed functional
information has emerged that has supported such roles for spe-
ciﬁc miRNAs and will be reviewed here.2.1. miR399 – regulation of phosphate stress responses
The ubiquitin-conjugating E2 enzyme in Arabidopsis
(UBC24) was predicted by Sunkar and Zhu [16] to be targeted
by miR399, which was not regulated by abiotic stresses.
miR399 was studied further and two groups showed indepen-
dently that its expression is regulated by phosphate levels in
the media [37,38]. Low phosphate levels strongly induced the
expression of miR399, whereas the target UBC24 mRNA
was reduced primarily in roots of plants exposed to low-phos-
phate (Pi) stress. miR399 was shown to directly downregulate
UBC24 mRNA accumulation by targeting the 5 0 untranslated
region (UTR), and this regulation was demonstrated to be
important for plant responses to Pi starvation by altering the
expression of miR399 or UBC24 in planta [38].
A model of how phosphate homeostasis is maintained that
involves miR399 as a key regulatory molecule has been pro-
posed [38,39]. Since UBC24 participates in protein degrada-
tion, the model describes how expression of UBC24 in roots
under high-Pi conditions is likely to down-regulate speciﬁc Pi
uptake and transport systems and thus prevent overloading
of Pi into plants. Upon Pi starvation, increased miR399
expression represses UBC24 expression and consequently the
repression of Pi uptake is alleviated. This results in increased
uptake of Pi from the soil, which enables the plant to cope with
the Pi deﬁciency. Chiou et al. [38] suggest that this correlates
with the observation that overexpression of UBC24 withoutmiR399 target sites diminished the upregulation of the Pi
transporter gene (PHT1) upon Pi deﬁciency [37]. Furthermore,
since the shoots of miR399-overexpressing lines contained
higher Pi, whereas the roots did not accumulate more Pi than
those of wild-type plants, Chiou et al. predict [38] that remobi-
lization of Pi from shoots to roots may also be a factor.
The case of miR399/UBC24 illustrates a prerequisite for
miRNA action, which is colocalization of miRNA and target
transcripts. UBC24 expression is localized in the vascular cyl-
inder of the root. Consistent with the expression pattern of
UBC24, miR399 gene expression is also present in vascular tis-
sues of roots or leaves subjected to Pi starvation [40]. Aung
et al. [40] emphasize how the vascular location of miR399
and UBC24 correlates well with the systemic eﬀects, such as
Pi translocation between roots and shoots and Pi mobilization
within leaves. Given that transmission of a shoot-derived sig-
nal to roots requires passage through the phloem, Aung
et al. [40] suggests that this may depend on coordination be-
tween miR399 and UBC24. The nature of the putative sys-
temic signaling molecule is at present unknown.2.2. miR393 – auxin signaling and abiotic/biotic stress responses
miR393 targets four closely related F-box auxin receptor
genes, including transport inhibitor response1 (TIR1), which
in turn targets AUX/IAA proteins for proteolysis by SCF E3
ubiquitin ligases in an auxin-dependent manner and is neces-
sary for auxin-induced growth processes [41]. The observation
that miR393 is abiotic stress responsive lead to the suggestion
that abiotic stress causes increased TIR1 mRNA degradation
or translational repression [16]. Thus, miR393-mediated inhi-
bition of TIR1 would down-regulate auxin signaling and seed-
ling growth under abiotic stress conditions. Although
functional data to support this hypothesis is lacking, a link
has been shown plant/pathogen responses and auxin synthesis
through miR393 [42]. In this study a bacterial ﬂagellin-derived
peptide also induced expression of miR393. Repression of aux-
in signaling was also shown to restrict Pseudomonas syringae
growth, implicating auxin in disease susceptibility and miRNA-
mediated suppression of auxin signaling in pathogen resis-
tance. This illustrates that miRNAs can be link between
external, environmental factors and endogenous hormonal
growth modulators.2.3. miR159 – hormone signaling and dehydration responses
The plant hormone abscisic acid (ABA) is a central switch in
osmotic stress responses and in seed maturation programs. In
germinating Arabidopsis seeds, Reyes and Chua [43] demon-
strate how ABA induces the accumulation of miR159 in asso-
ciation with the seed speciﬁc transcription factor ABI3. In
turn, miR159 mediates cleavage of MYB101 and MYB33 tran-
scripts, which encode positive regulators of ABA responses
[43]. This study also provides evidence to show how miR159
over-expression suppresses MYB33 and MYB101 transcript
levels that leads to an ABA hyposensitive response, whereas
transgenic plants over-expressing cleavage resistant forms of
MYB33 and MYB101 are hypersensitive [43]. Reyes and Chua
[43] therefore predict that ABA-induced accumulation of
miR159 is a homeostatic mechanism to desensitize ABA sig-
naling via MYB33 and MYB101 transcript degradation.
In an earlier study, gibberellic acid (GA) was shown to
modulate miR159 levels during anther development [44]. Fur-
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and biosynthetic mutants and GA also regulates the expres-
sion of MYB33. Reyes and Chua [43] propose ‘‘a regulatory
network in which ABA and GA signaling pathways trigger
miR159 accumulation depending on the developmental
context’’. In this model, ABA regulates miR159 accumulation
during seed development, whereas miR159 expression is
regulated by GA during ﬂower development. This may be
exerted by transcriptional control of miR159, since GA-
and ABA-responsive elements are located in the promoter
region of miR159 genes and the transcriptional activator
ABI3 has been shown to be necessary for miR159 regulation
[43].
Reyes and Chua [43] demonstrate how application of ABA
can induce miR159 expression, which negatively regulates
MYB33 and MYB101, both of which are positive regulators
of ABA responses. This observation gives insight into the
likely mode of action of stress-associated miR159. Reyes and
Chua [43] hypothesize that ‘‘in order to sense a decrease in
ABA levels in the environment and to resume growth, plant
cells need to degrade positive factors of ABA signaling to reset
the developmental program’’. This idea supports a role for
miRNAs in feedback mechanisms that link environmental
and developmental pathways.2.4. miR398 – oxidative stress adaptation
miR398 targets two closely related Cu/Zn-Superoxide Dis-
mutase genes: cytosolic CSD1 and plastidic CSD2 that can
detoxify superoxide radicals [1,45]. Furthermore, Jones-Rho-
ades and Bartel [1] have shown that miR398 can direct the
cleavage of the CSD1 and CSD2 transcripts. The miR398 fam-
ily is represented by two members with three loci (MIR398a,
MIR398b, and MIR398c) in Arabidopsis [1,16,45]. miR398
expression is down-regulated transcriptionally by oxidative
stress, and this downregulation is important for posttranscrip-
tional CSD1 and CSD2 mRNA accumulation and oxidative
stress tolerance. Results suggest that CSD1 and CSD2 expres-
sion is ﬁne-tuned by miR398-directed mRNA cleavage [46].
Furthermore, transgenic Arabidopsis plants overexpressing a
miR398-resistant form of CSD2 accumulate more CSD2
mRNA than plants overexpressing a regular CSD2 and are
consequently much more tolerant to high light, heavy metals
and other oxidative stressors.2.5. The role of siRNAs and other regulatory RNA molecules in
stress adaptation
Other RNA molecules have been proposed to function in
stress adaptation. The best characterized sRNA which is not
a miRNA, involved in environmental adaptation is a nat-siR-
NA that regulates proline metabolism [26]. The nat-siRNA
(clone # P96-F02) was originally shown to match the overlap-
ping region between the 3 0 end of the pyrroline-5-carboxylate
dehydrogenase (P5CDH) open reading frame and the 3 0UTR
of an unknown gene (At5g62520) on the opposite strand,
which was designated SRO5 [16]. These two genes generate
convergent transcripts that overlap by 760 nucleotides (nt),
and the cloned nat-siRNA sequence matched a 21 nt region
of the SRO5 3 0UTR and was complementary to the corre-
sponding region of the P5CDH ORF. The expression of
SRO5 is induced by salt stress and this induction is requiredfor the accumulation of a second nat-siRNA molecule (24
nt) from the overlapping region that mediates cleavage of
the P5CDH mRNA and sets the phase for the subsequent gen-
eration of the 21 nt nat-siRNAs that mediates further cleav-
ages of the P5CDH transcript, which leads to proline
accumulation that is important for salt tolerance [26]. The
downregulation of P5CDH reduces proline degradation,
thereby enhancing proline accumulation. However, reduced
P5CDH activity also leads to the accumulation of the toxic
metabolic intermediate P5C and ROS accumulation, which
is probably counteracted by the SRO5 protein through direct
detoxiﬁcation activity in the mitochondria [26]. The initial
induction of SRO5 mRNA by salt stress may be mediated
by oxidative stress that is an inevitable consequence of salt
stress. Thus, the SRO5-P5CDH nat-siRNAs together with
the P5CDH and SRO5 proteins are key components of a reg-
ulatory loop controlling ROS production and stress response
[26].2.6. CDT-1 mediates desiccation tolerance in
Craterostigma plantagineum
Already in 1997 Furini et al. [47] had characterized the
dehydration-related, ABA inducible gene CDT-1 from the
desiccation tolerant plant C. plantagineum [48]. Constitutive
expression of CDT-1 led to desiccation tolerance and to the
constitutive expression of dehydration and ABA responsive
transcripts in callus of C. plantagineum [47]. CDT-1 has
features of a short interspersed element retrotransposon
and is unique to C. plantagineum. The mechanism by which
CDT-1 expression results in desiccation tolerance was not
understood since the mRNA does not appear to code for a
polypeptide. Given that the transcript lacks signiﬁcant open
reading frames and appears to be naturally expressed in both
sense and antisense orientations, the hypothesis was put
forward that CDT-1 may exert its function as regulatory
non-coding RNA molecules, not as a protein. Further func-
tionally related members of the CDT-1 gene family have been
identiﬁed [49].Given the sequence conservation of the CDT-1
genes, the functionally important elements are likely to be
located in the conserved thymidine-rich 3 0 region. New exper-
iments suggest that CDT-1 has the capacity to code for a
siRNA and that the expression level of the siRNA can sub-
stitute in inducing desiccation tolerance in callus of C. plant-
agineum [50]. Like miRNA159 also CDT-1 intimately links
the dehydration response with hormonal action of ABA.
As no homologues could be identiﬁed in genomes of other
plant species so far, CDT-1 might be recently evolved,
which is supported by its retrotransposon features and the
transposition events detected in the C. plantagineum genome
[47].
It may be speculated that generation of small RNAs is a
mechanism which allows plants to modulate gene expression
programs necessary for adaptation to stressful environments.
Small RNAs may allow ﬂexibility in environmental adapta-
tion. The reason that small RNAs have a high complexity in
plants may be explained by the fact that plants grow and
reproduce in many diverse and extreme habitats.Acknowledgements: T.D. acknowledges funding from NERC, Grant
No. NE/C508069/1 and D.B. acknowledges support from the German
Research Council (DFG).
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